Cholesterol is believed to be an important component in compositionally distinct lipid domains in the cellular plasma membrane, which are referred to as lipid rafts. Insight into how cholesterol influences the interactions that contribute to plasma membrane organization can be acquired from model lipid membranes. Here we characterize the lipid mixing and phase behavior exhibited by 15 N-dilaurolyphosphatidycholine ( 15 N-DLPC)/ deuterated distearoylphosphatiylcholine (D 70 -DSPC) membranes with various amounts of cholesterol (0, 3, 7, 15 or 19 mol%) at room temperature. The microstructures and compositions of individual membrane domains were determined by imaging the same membrane locations with both atomic force microscopy (AFM) and high-resolution secondary ion mass spectrometry (SIMS) performed with a Cameca NanoSIMS 50. As the cholesterol composition increased from 0 to 19 mol%, the circular ordered domains became more elongated, and the amount of 15 N-DLPC in the gel-phase domains remained constant at 6-7 mol%. Individual and micronsized clusters of nanoscopic domains enriched in D 70 -DSPC were abundant in the 19 mol% cholesterol membrane. AFM imaging showed that these lipid domains had irregular borders, indicating that they were gel-phase domains, and not non-ideally mixed lipid clusters or nanoscopic liquid-ordered domains.
Introduction
Lateral variations in component distribution within the plasma membrane are required to coordinate membrane-mediated cellular functions [1] [2] [3] . The nonrandom distributions of certain proteins within the plasma membrane are well-established [4] [5] [6] [7] [8] [9] . Lipids and cholesterol are also believed to be spatially organized in biological membranes, but whether their organization is driven by lipid-lipid or lipid-protein interactions is not clear [1] [2] [3] . In one model of plasma membrane organization, differential affinities between cholesterol and other membrane components are hypothesized to drive the formation of liquid-ordered, cholesterol-and sphingolipid-enriched nanoscale domains (diameters b300 nm) that are referred to as lipid rafts [1, 3, 10, 11] . Thus, characterizing the effects of cholesteroldependent interactions on component distribution within the plasma membrane is the goal of much research.
Insight into how lipid-cholesterol and lipid-lipid interactions might influence lipid organization within biological membranes has been acquired by studying model lipid membranes [12] . In the absence of cholesterol, membranes composed of a low and high melting temperature lipid component homogeneously mix when heated above the melting transition temperature (T m ) of both lipid species, but separate into disordered fluid-phase and ordered gel-phase domains when cooled below the T m of the high-melting temperature lipid species [13, 14] . The addition of cholesterol to the membrane affects the lipid miscibility and domain microstructure observed at room temperature in a manner that depends on the degree of saturation in the low-melting temperature lipid [15] [16] [17] [18] . At low cholesterol concentrations, membranes composed of a di-unsaturated low T m lipid, such as 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and a high T m lipid species exhibit macroscopic fluid-and gel-phase domains [14, 15] . At higher cholesterol concentrations (mole fraction N~0.16), the gel-phase is replaced by macroscopic liquidordered domains that coexist with the disordered fluid-phase [14, [17] [18] [19] [20] [21] . Above a threshold cholesterol concentration (mole fraction Ñ 0.4), phase separation ceases and homogeneous lipid mixing occurs [14, [17] [18] [19] [20] [21] . In contrast, macroscopic liquid-ordered domains are usually not detected in cholesterol-containing ternary membranes in which the lipid species with the low T m is saturated, such as 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) [14, 15, 17, 18, [22] [23] [24] [25] . The gel-phase domains that coexist with the disordered fluid-phase undergo a reduction in size without the formation of macroscopic, liquid-ordered domains as the cholesterol concentration increases [15, 22, 23] . For example, Fig. 1 shows the ternary phase diagram determined by Zhao et al. for giant unilamellar vesicles composed of DLPC/1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)/cholesterol at room temperature [22] . At a threshold cholesterol concentration (0.15-0.2 mole fraction), phase separation could not be visualized in giant unilamellar vesicles (GUVs) using conventional fluorescence microscopy, but fluorescence resonance energy transfer (FRET) measurements indicate that the membrane is not homogeneously mixed [18, 22] . This FRET behavior is postulated to be due to the presence of nanoscopic liquid-ordered domains in the membrane, even though tiny gel-phase domains and distinct lipid clusters transiently produced by non-ideal mixing may also be consistent with these results [18, 20, 22, 25, 26] .
Although saturated, low T m lipids are rarely found in cellular membranes, identification of how this change in lipid structure alters membrane phase behavior provides a better understanding of the physiological significance of fatty acid chain unsaturation in biological membranes. Moreover, demonstration of the existence of nanoscopic liquid-ordered domains in model lipid membranes would indicate that lipid-lipid and lipid-cholesterol interactions are sufficient to produce liquid-ordered domains with dimensions similar to those that may exist in biological membranes. Despite the significance of such a finding, whether the nanoscale heterogeneity detected in membranes composed of DLPC, DSPC, and a threshold cholesterol concentration is due to the presence of liquid-ordered domains, gelphase domains, or non-ideally mixed transient lipid assemblages has not been definitively established.
A key difference between phase-separated domains and nonideally mixed transient lipid clusters is that the composition and microstructure would be constant between nanoscopic phaseseparated domains of the same phase, as opposed to varying from one structure to another in non-ideally mixed lipid assemblages [18] . Liquid-ordered and gel-phase domains can be discriminated by their microstructures, as the edges of liquid-ordered domains are smooth and rounded, whereas the perimeters of gel-phase domains are angular and jagged [18, 22, 23, 27] . The membrane thickness may also differ between gel-phase and liquid-ordered domains [28] . Therefore, information on the composition and microstructure of individual domains is required to identify whether the lipid structures detected at the threshold cholesterol concentration are non-ideally mixed lipid assemblages or phase-separated domains in the gel-or liquid-ordered phase. The microstructure, and therefore phase, of submicron-sized lipid assemblages within supported lipid bilayers can be characterized with atomic force microscopy (AFM) even when the domain sizes are below the lateral resolution of conventional fluorescence microscopy [15, 16, 23, 25, 29, 30] .
Assessing the lipid composition of individual lipid domains is more challenging because few analytical techniques yield spatially resolved and chemically specific information. Secondary ion mass spectrometry (SIMS) is one of the few approaches that enables imaging specific lipid species within supported lipid membranes with both chemical and spatial specificity [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . Time-of-flight SIMS (TOF-SIMS) is a molecular imaging approach that has the advantage of not requiring labels for lipid identification, but the lateral resolution and sensitivity is seldom sufficient to characterize submicron-sized lipid domains [41] . Recently, a combination of high-resolution SIMS performed with a Cameca NanoSIMS 50 and lipid-specific isotope labeling has permitted the distributions of two isotopically labeled lipid species in phase-separated supported lipid membranes to be imaged with 100-nm-lateral resolution and quantified [31] , rendering this a promising approach to analyze the lipid composition within nanoscopic lipid domains (diameters b300 nm). The Cameca NanoSIMS 50 is a magnetic sector mass spectrometer that can image differences in elemental and isotopic composition [42] . To identify and image different lipids using a NanoSIMS, each lipid species must contain a distinct stable isotope so that the secondary ions generated during analysis can be linked to the parent lipid species [42] .
Here we use AFM and NanoSIMS to characterize the effects of cholesterol addition on the microstructure and composition of lipid domains in ternary membranes composed of the saturated, low T m lipid 15 N-1,2-dilauryl-sn-glycero-3-phosphocholine ( 15 N-DLPC), and the high T m lipid 1,2-distearoyl-D 70 -sn-glycero-3-phosphocholine (D 70 -DSPC). We investigated the cholesterol concentrations between 0 and 19 mol%. Over this range of cholesterol concentrations, GUVs composed of DLPC/DSPC exhibit macroscopic phase-separated domains and nanoscale heterogeneous mixing that is postulated to signify the presence of tiny liquid-ordered domains [18, 22] . Supported lipid membranes are the subject of these studies to permit analyses with NanoSIMS and AFM. Although discrepancies in the phase behavior of supported membranes and GUVs have been reported [25] , we avoided the non-equilibrium effects potentially induced by the solid support by using slow-cooled vesicle fusion to prepare the supported membranes, as demonstrated by Longo and coworkers [23] . Analysis of the same regions of the membrane with both AFM and NanoSIMS enabled correlation of domain microstructure with lipid composition, and allowed us to assess whether the nanoscopic lipid assemblages that occur near the threshold cholesterol concentration are non-ideally mixed clusters, or phase-separated lipid domains in either a gel or liquid-ordered state. As shown later, the AFM and NanoSIMS data indicate that the nanoscopic lipid assemblies within the 19 mol% cholesterol membrane are gel-phase domains.
Materials and methods

Materials
The chrome-patterned, oxidized silicon substrates (10-nm-thick oxide layer) were prepared as previously described [31] using silicon wafers that were a generous gift from Prof. Steven G. Boxer was synthesized as reported [31] . To minimize possible oxidation, cholesterol was freshly synthesized from i-cholesteryl methyl ether (Sigma) as reported [43] . The cholesterol and phospholipid concentrations in the vesicle solutions were measured with the Amplex ® Red Cholesterol Assay Kit and the Amplex ® Red Phospholiase D Assay Kit, respectively, from Molecular Probes (Eugene, OR). Millipore (18 mΩ) water was used in all experiments.
Preparation of supported lipid membranes
Small unilamellar vesicles were created from an equal molar ratio of 15 A small amount (1 mol%) of the fluorescent lipid, NBD-PC, was added to the mixture to allow the evaluation of membrane integrity and the presence of phase separation using fluorescence microscopy. These components were dissolved in chloroform, dried under nitrogen, and placed under a vacuum to remove residual chloroform. The lipid film was resuspended in 65°C water to a final lipid concentration of 0.5 mg/mL. The lipid solution was heated in a 65°C water bath for 15 min, vortexed, transferred to a plastic tube, and sonicated using a tip sonicator (Branson Tip Sonifier Model 250, Branson Ultrasonics, Danbury CT) for 30 s intervals until it became transparent. The vesicle solution was reheated to 65°C in a water bath, and 2.5 mL of 65°C vesicle solution was added to a 60-mmdiameter × 15-mm-tall polystyrene culture dish containing multiple chrome-patterned, oxidized silicon substrates submerged in 2.5 mL of 65°C water. The culture dish was covered, incubated at room temperature for 40 min to allow for bilayer formation, and then was transferred into a 65°C water bath. The substrates were gently shaken under water to dislodge vesicles adhered to the bilayer's surface, and were transferred to a fresh 65°C water bath. The water bath containing the substrates was placed in a programmable oven (ECHOterm™ IN35 Programmable Chilling/Heating Incubator, Torrey Pines Scientific, San Diego, CA), maintained at 70°C for 1 h, and then was slowly cooled to room temperature at a rate of 5°C/h to induce phase separation. To prepare the lipid membranes for SIMS analysis, the samples were flash-frozen in liquid ethane and freeze-dried as previously described [31] [32] [33] . To evaluate sample quality, fluorescence imaging was performed on a Leica DM6000 B upright fluorescence microscope equipped with a fluorescence filter cube (GFP, Leica) that matches the excitation and emission spectra for NBD-PC.
Measurement of mol% cholesterol
The moles of cholesterol and phosphatidylcholine (PC) in each vesicle solution were measured using the Amplex ® Red Cholesterol Assay Kit and the Amplex ® Red Phospholiase D Assay Kit, respectively. The assays were performed in 96-well plates purchased from Costar ® (Corning, NY), and the fluorescence intensity was read using a Synergy HT Multi-Mode Microplate Reader Model SIAFRT (Biotek ® Instruments, Inc., Winooski, VT). Cholesterol and PC standards were used to create the calibration curves. Eight replicates were performed on each vesicle and standard solution. The μmole of cholesterol and PC measured in each small unilamellar vesicle solution was used to calculate the mol% of cholesterol. The mol% cholesterol in the supported lipid membranes is assumed to be the same as the cholesterol content in the vesicle solution used for bilayer formation.
AFM imaging of lipid membranes
AFM analysis was performed in ambient air and temperature using an Asylum MFP-3D™ Stand Alone AFM. AFM images were acquired of the phase-separated membranes within specific grid boxes, which were relocated and analyzed with the NanoSIMS. Measurements were taken with standard tapping 300 kHz AFM probes (Tap300Al-G, Budget Sensors, Bulgaria) in AC (tapping) mode operated in the repulsive tip-sample interaction regime to preserve tip lifetime. Images were flattened to the first order. The line scans were averaged over three pixels perpendicular to the line-section path to minimize random variations in height due to noise. The line scans made on the 19 mol% cholesterol membrane were not averaged because the domains were often smaller than the 3-pixel averaging width. For each cholesterol concentration investigated, the height difference between the gel-and fluid-phase regions was measured at ten different domain interfaces.
High-resolution SIMS analysis
SIMS was performed on a Cameca NanoSIMS 50 instrument (Cameca, France) at Lawrence Livermore National Laboratory (Livermore, CA). Measurements were made with a~0.8 pA, 16 keV Cs + primary ion beam focused onto a~100 nm-diameter spot with an analysis area of 25 μm × 25 μm. A beam diameter of 102 nm was determined using the reported knife-edge method [31] . Measurements consisted of six replicate scans of 512 × 512 pixels with a dwell time of 0.3 ms/pixel, and corresponded to a primary ion dose of 3.8 × 10 14 ions/cm 2 . The analysis conditions used in this work were chosen to provide sufficient ion counts to characterize the samples while minimizing analysis time. Based on our analysis conditions, a total sputter time of 472 s, and the sputtering rate of 2.5 nm μm 2 /pA s determined on other biological samples [45] , we estimate that the sputtering depth was~1.5 nm for these measurements. Based on the thickness of the bilayer, the analysis time could have been~3 times longer, though the secondary ion intensities obtained in each additional replicate scan would be lower than the previous scan. The pixel size in the NanoSIMS ion images was 49 nm× 49 nm, which is smaller than the beam diameter. The secondary ion signals , and the secondary electron signal were collected simultaneously using multi-collection mode. A mass resolving power of~7500 was used to separate isobaric interferences from the isotopes of interest, e.g., ) were smoothed over 3 × 3 pixels (147 nm× 147 nm). Then the lipid-specific ion signal was normalized by dividing the intensity for each ion by the 12 C − intensity measured at the same pixel in order to minimize random, concentration-independent changes in the signal intensity. Regions of interest (ROIs) on the calibration set of homogeneous lipid membranes were defined on areas of the substrate that were covered by the membrane, and excluded areas where the chrome grid or obvious defects were visible in the secondary electron image that was collected in parallel to the secondary ion images. ROIs on the phaseseparated membranes that consisted of only gel-phase or fluid-phase regions were defined based on the correlated AFM images.
Determination of lipid composition within lipid phases
A calibration curve correlating the normalized N-DLPC in the membrane was made as previously reported [31, 32] . Briefly, NanoSIMS analysis was performed on homogeneous lipid bilayers that systematically varied in mol% 15 N-DLPC to unlabeled DLPC. These samples were used instead of 15 N-DLPC/cholesterol membranes in order to obtain a calibration curve that was accurate at both high and low 15 N-DLPC concentrations. The same analytical conditions were used for the calibration and phaseseparated samples. We assessed the validity of these calibration samples by calculating the relative sensitivity factors (RSF) [36] N-DLPC in the gel-phase and standard deviation were calculated. Because NBD-PC is excluded from the gel-phase [31, 46] , the average amount of D 70 -DSPC in the gelphase regions of the cholesterol-free membrane was determined by subtracting the mol% 15 N-DLPC measured at membrane locations identified as gel-phase by AFM from 100 mol%.
Results
The cooling rate employed for bilayer formation determines whether the phase separation approaches equilibrium. All of the samples we studied were cooled to room temperature at the same rate to ensure that any variations in domain morphology were not due to differences in their thermal history. For compatibility with NanoSIMS analysis, the room temperature 15 N-DLPC/D 70 -DSPC/ cholesterol supported lipid membranes were flash-frozen and freeze-dried to remove the water without perturbing lipid organization [31] . Previous studies demonstrated that flash-freezing and freeze-drying do not induce further phase separation or other changes in membrane organization [31] , and the preserved membrane structure reflects that present at room temperature prior to membrane preservation. The lipids in the membrane do not exhibit lateral mobility after freeze-drying, and the membrane organization does not change in the time between AFM imaging and NanoSIMS analysis (2-6 weeks). Note that the use of isotopically labeled lipids is not expected to alter membrane phase behavior because D 70 -DSPC has nearly the same T m as natural abundance DSPC (50.5°C and 55.0°C, respectively, [44] ), and the single nitrogen-15 isotope in 15 N-DLPC should not affect its T m .
Cholesterol-free phase-separated supported lipid membranes
To correlate domain structure with lipid composition, we imaged the same locations within the phase-separated supported lipid membrane using both AFM and NanoSIMS. Similar to previous AFM studies of phase-separated supported lipid membranes [29] [30] [31] 46 ,47], we observed circular gel-phase domains with a bimodal size distribution in the cholesterol-free membrane (Fig. 3 and supplemental images). Small gel-phase domains with diameters below 200 nm were primarily located near the perimeters of the large gelphase structures that were several microns in diameter ( Fig. 3a and  b) . Nanoscopic fluid-phase subdomains were also trapped inside of the micron-sized gel-phase domains. We measured a height difference of 1.3 nm at the interface between the gel-and fluid-phase domains (Fig. 3b, inset ). This height difference is smaller than that previously reported between gel-and fluid-phase domains (1.8 nm) and is closer to the height difference between an asymmetric domain, with one gel-phase and one fluid-phase leaflet, and a symmetric fluidphase domain [31, 46] . However, NanoSIMS analysis of these domains ( Fig. 3c and d) indicated they contain too little 15 N-DLPC to be asymmetric 15 
N-DLPC/D 70 -DSPC domains (see later)
. The smaller height difference we measured between the gel-and fluid-phases is likely due to our use of a repulsive tip-sample interaction for AFM imaging [48] . AFM imaging of similar samples performed with a repulsive tip-sample interaction yielded a height difference of 1.3 nm at the gel/fluid interface, but with a tip-sample interaction that fluctuated between repulsive and attractive, we measured a height difference of 1.6 nm at the same location (not shown), which is close to the 1.8 nm height difference that was previously reported [31, 46] . NanoSIMS analysis was performed at the same membrane locations that were imaged with AFM. The normalized 12 N-DLPC, respectively. The absence of lipid-specific ions at the some pixels is due to the low intensity of the minor isotopes, as the AFM image of the freeze-dried membrane does not show damage at these sites ( Fig. 3a and b) . Similar to previous reports, the area occupied by D 70 -DSPC within the membrane appeared to be slightly lower than that expected based on the mol% D 70 -DSPC in the vesicles used for membrane preparation [31] . This difference in the D 70 -DSPC content within the supported membranes and the vesicles used for membrane formation is likely due to the selective adsorption of these different lipid species onto the substrate, or from a lipid exchange process [23, 49] .
Using the NanoSIMS calibration curves described earlier, we determined that the 15 N-DLPC concentration was~97 mol% in the fluid-phase domains, and~6 mol% in the gel-phase domains. Because NBD-PC is excluded from the gel-phase [31, 46] , the D 70 -DSPC concentration in the gel-phase regions of the cholesterol-free membrane is~94 mol%. These results are consistent with previous NanoSIMS studies of DLPC/DSPC membranes, and with phase diagram predictions that the gel-phase contains ≤10 mol% DLPC and the fluidphase contains ≤10 mol% DSPC [31, 50] . The one exception was at the edges of the large gel-phase domains, where the data occasionally suggest the fractions of D 70 -DSPC and 15 N-DLPC within the same pixel (yellow areas, Fig. 3c and d) were more nearly equal. This might suggest that the amount of lipid mixing at the edges of the domains was greater than that predicted by phase-diagrams. However, the AFM images acquired at these sites show that the edges of the gelphase domains are not smooth, but instead consist of many small crevices and peninsulas. Thus, the detection of elevated amounts of D 70 -DSPC and 15 N-DLPC at the same pixel occurred because these structures were not resolved in these NanoSIMS images, which were acquired with a beam diameter of~100 nm and were smoothed to the equivalent of~150-nm-lateral resolution.
Phase-separated supported lipid membranes with 3-15 mol% cholesterol
The addition of cholesterol to the membrane induced an elongation of the macroscopic gel-phase domains. At 3 mol% cholesterol, the macroscopic D 70 -DSPC-enriched gel-phase domains were oblong and had jagged borders ( Fig. 4a and d, and supplemental  images) . A network of gel-phase domains was observed at 7 mol% cholesterol ( Fig. 4b and e, and supplemental images) . Similar to the cholesterol-free membrane, fluid-phase subdomains were entrapped within the macroscopic gel-phase structures, and gel-phase microdomains were dispersed throughout the fluid-phase in the 3 and 7 mol% cholesterol membranes. A networked gel-phase structure that contained entrapped fluid-phase subdomains was also observed in the 15 mol% cholesterol membrane, but the edges of the gel-phase structures were smoother than those observed in the other membranes ( Fig. 4c and f, and supplemental images) . The area occupied by the D 70 -DSPC-rich domains in the membranes that contained 7 and 15 mol% cholesterol was higher than that expected based on the compositions of the vesicles used for membrane formation. This difference in surface coverage was consistent across the membrane (see supplemental images). We attribute these results to the phenomena occurring during bilayer formation, such as the selective adsorption of the lipid species onto the substrate or lipid exchange, as opposed to selective incorporation of cholesterol into the ordered domains, because cholesterol is expected to evenly distribute between the two lipid phases [14] . Moreover, the increase in D 70 -DSPC domain surface coverage seems larger than the fraction of cholesterol in the membrane. The height difference between the gel-and fluid-phase regions of the 3, 7, and 15 mol% cholesterol membranes did not change from that measured in the cholesterol-free membrane (~1.3 nm) . Similarly, the 15 N-DLPC concentration within the D 70 -DSPC-enriched domains remained constant at~6 mol%, indicating that the solubility of 15 N-DLPC within the D 70 -DSPC-rich domains did not change over this range of cholesterol concentrations. We did not attempt to quantify the mol% of 15 N-DLPC in the fluid-phase due to the high likelihood that the numerous nanoscopic gel-phase domains detected within the fluid-phase by AFM would inadvertently be included in the measurement.
Supported lipid membranes containing 19 mol% cholesterol and greater
Our AFM and NanoSIMS images of the 19 mol% cholesterol membrane clearly show heterogeneity in membrane composition N-DLPC, respectively, were acquired at the same site as the AFM image (a). The absence of lipid-specific ions at the regions that appear dark is due to the low intensity of the minor isotopes. (d) Detail of the region outlined in (a), which corresponds to the AFM image in (b). The NanoSIMS images were acquired with~100-nm-lateral resolution and smoothed over a lateral resolution of~150 nm.
and structure (Fig. 5) . Individual and micron-sized aggregates of nanoscopic ordered domains enriched with D 70 -DSPC are visible in the membrane. The height difference measured with AFM between the gel-and fluid-phases in the 19 mol% cholesterol membrane did not vary with domain size (~1.2 nm), and was similar to those measured in membranes with lower cholesterol levels (~1.3 nm). The 15 N-DLPC concentration within the submicron-size domains that were resolved in the NanoSIMS images was~7 mol%, within one standard deviation of the value measured on the 0-15 mol% cholesterol membranes. Thus, a significant increase in lipid intermixing did not occur in these domains. However, elevated amounts of D 70 -DSPC and 15 N-DLPC were detected at the same pixel more frequently in the 19 mol% cholesterol membrane than in the other membranes (yellow areas, Fig. 5d-f ). Comparison to the AFM images acquired at these locations revealed the presence of nanoscopic lipid structures that were smaller than the resolution of the NanoSIMS images (Fig. 5a-c) . Therefore, the detection of significant amounts of D 70 -DSPC and 15 N-DLPC at the same pixel in the 19 mol% cholesterol membrane signifies the presence of a phase-separated domain that is smaller than the lateral resolution of the NanoSIMS image. The lack of an observable change in the height of the nanoscopic lipid structures or lipid intermixing denotes the presence of phase-separated domains, and not non-ideally mixed lipid clusters, in the 19 mol% cholesterol membrane. Because AFM imaging also shows that both the micron-sized and nanoscopic lipid domains have irregular borders, we conclude that the domains enriched with D 70 -DSPC remained in the gel-phase at 19 mol% cholesterol. We also attempted to characterize supported lipid membranes that contained N19 mol% cholesterol (27 and 35 mol% cholesterol). These membranes exhibited numerous small height changes (b1 nm) and taller features indicative of debris by AFM, whereas patches of 15 N-DLPC and very little D 70 -DSPC was detected on the substrate using the NanoSIMS (not shown). These features are not characteristic of those we have observed in poorly preserved membranes, nor do they resemble the dehydration-induced defects characterized by others [51] . These results suggest that high-quality supported lipid membranes did not form under the same conditions as those used to create the membranes with lower mol% cholesterol. found that the addition of up to 19 mol% cholesterol induced significant changes in domain morphology, but produced no observable change in the miscibility of 15 N-DLPC within the gel-phase. Unlike previous results in which the phase behavior of analogous supported membranes differed from that of GUVs [25] , our results are in agreement with those reported for DLPC/DSPC/cholesterol GUVs and mica-supported membranes [22, 47] . This good agreement indicates that the slow-cooled vesicle fusion process we employed for membrane formation likely allowed the membrane to approach equilibrium, and neither the silicon substrate nor the isotope labels appeared to alter membrane phase behavior.
According to the DLPC/DSPC/cholesterol phase diagram (Fig. 1) , the miscibility point for a 1:1 molar ratio of DLPC/DSPC is~19 mol% cholesterol, and non-ideal mixing postulated to be caused by nanoscopic liquid-ordered domains has been previously detected with FRET at slightly higher cholesterol concentrations (between 20 and 25 mol%) [18, 22] . Yet gel-phase domains were present in our supported lipid membranes composed of DLPC/DSPC (1:1 molar ratio) and 19 mol% cholesterol. A higher amount of D 70 -DSPC than 15 N-DLPC in the membrane, which could have occurred due to small gravimetric and volumetric errors in measuring the lipids, would shift the miscibility point to a higher cholesterol concentration (~20 mol%) than we studied [22] . However, we expect that nanoscopic gel-phase domains would also be present in our membranes at 20-21 mol% cholesterol because we detected a small number of micron-sized, gelphase domains at 19 mol% cholesterol ( Fig. 5a and b, lower left) , and the gel-phase domains in supported lipid membranes undergo a reduction in size due to domain pinning before complete miscibility is reached [15, 47] . This expectation is supported by a recent report by Gosku and Longo [47] . The speckling in Gosku and Longo's fluorescence microscopy images of mica-supported DLPC/DSPC/ cholesterol (40/40/20 mol:mol:mol) membranes [47] suggests the presence of tiny phase-separated domains that could be detected by AFM, but were too small to be clearly visualized with fluorescence microscopy. We hypothesize that the small inconsistency in the location of the boundary for phase separation between our results and the published DLPC/DSPC/cholesterol phase diagram is due to the difference in techniques used to detect phase separation, as the AFM and NanoSIMS techniques we used are better suited to unambiguously detect submicron-sized domains than the conventional fluorescence microscopy [17, 22, 25, 47] . The fusion of DLPC/DSPC (1:1 mol ratio) vesicles that contained 27 and 35 mol% cholesterol to the silicon substrates under conditions identical to those employed for the other cholesterol concentrations did not produce continuous, defect-free membranes. Increasing the cholesterol concentration within vesicles composed of phase-separating lipids is reported to hinder vesicle rupture, causing an increase in the critical number of vesicles that must adsorb to the silicon substrate in order to initiate vesicle fusion [52] . Because others have used vesicle fusion to form DLPC/DSPC (1/1 mole ratio) membranes that contained 30 mol% cholesterol on mica substrates [47] , we hypothesize that the vesicle concentration or incubation time we employed for vesicle fusion was insufficient for the formation of defect-free membranes that contained 27 or 35 mol% cholesterol.
Significance and implications
Our data indicate that interactions between saturated lipids, such as DLPC and DSPC, and cholesterol are insufficient to drive the formation of liquid-ordered domains that are similar to those expected to exist within biological membranes. Our results, and those reported by others, suggest that molecular interactions between the fluid-phase lipid and cholesterol affect the structure of the ordered lipid domains that form in the membranes [15, 23] . Although the DLPC/DSPC/cholesterol membranes we studied are not compositionally or biophysically representative of biological membranes, our findings do provide insight into the physiological significance of fatty acid chain saturation in biological membranes. Specifically, our results support the hypothesis that the presence of unsaturation in the fatty acid chains of the low-melting lipids found in biological membranes is required for the formation of a liquid-ordered phase. Furthermore, we propose that the absence of saturated, low T m lipids in cellular membranes is functionally significant, as their presence may hinder the formation of liquid-ordered membrane domains.
This work also establishes a direct approach to acquire correlated information on the microstructure and composition of individual lipid domains. This approach could be extended to quantifying the amounts of DSPC and cholesterol in the lipid domains detected in these membranes by also incorporating a different distinct stable isotope into the cholesterol, and creating separate calibration curves for DSPC and cholesterol using sets of standard lipid membrane samples. Such studies would permit identifying whether the cholesterol concentration is equal in both lipid phases, as indicated by original experiments [14] , or if the cholesterol concentration is higher in the ordered domains, as found for other lipid mixtures [18] . Our approach could also be used to construct more detailed phasediagrams that include tie lines for DLPC/DSPC/cholesterol or other more physiologically relevant lipid mixtures. Such studies may clarify uncertainties in membrane phase behavior, and provide a better understanding of how cholesterol-dependent interactions contribute to cell membrane organization.
Conclusion
By analyzing the same locations in supported lipid membranes with AFM and high-resolution SIMS, we were able to acquire correlated information on the microstructure and composition of the individual lipid domains found in the membranes at room temperature. We showed that the nanoscopic D 70 -DSPC domains present in the 19 mol% cholesterol membrane were in the gel-phase. The 15 N-DLPC concentration in the D 70 -DSPC domains was relatively constant (6-7 mol%) for cholesterol concentrations between 0 and 19 mol%, indicating that cholesterol did not induce a significant increase in lipid intermixing in these domains. Our results support the finding of Zhao et al. [22] that nanoscopic phase-separated domains are present in the membrane at~19 mol% cholesterol, but we found no evidence for the presence of liquid-ordered domains. We conclude that the interactions between cholesterol and saturated lipids, such as DLPC and DSPC, are not sufficient to create liquid-ordered domains. Consequently, the absence of saturated, low-melting lipids in biological membranes may be required for the formation of the liquidordered domains that are expected to exist in cellular membranes.
